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Abstract: We review recent discoveries of the intriguing plasmonic phenomena at a 
variety of electronic boundaries (EBs) in graphene including line of charges in graphene 
induced by a carbon nanotube gate, grain boundaries in chemical vapor deposited graphene 
films, an interface between graphene and moiré patterned graphene, an interface between 
graphene and bilayer graphene and others. All these and other EBs cause plasmonic 
impedance mismatch at the two sides of the boundaries. Manifestations of this effect 
include plasmonic fringes that stem from plasmon reflections and interference. 
Quantitative analysis and modeling of these plasmonic fringes uncovered intriguing 
properties and underlying physics of the EBs. Potential plasmonic applications associated 
with these EBs are also briefly discussed. 
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Surface plasmon polaritons are collective oscillations of charges on the surface of 
metals or semiconductors.1-4 These surface modes are in vogue for their ability to confine 
and control electromagnetic waves at length scales well below the diffraction limit. The 
search for agile plasmonic materials is a vibrant research field with promising 
technological applications.5-8 Graphene emerges as a novel plasmonic medium9-17 with 
many desirable characteristics including high confinement, long lifetime and broad spectral 
range from terahertz to near-infrared (IR).18-46 Moreover, graphene plasmons are 
conveniently tunable by electrostatic gating18-25, photo-excitation36,37, magnetic field 
excitation38-40, and coupling with lattice/molecule vibrational modes41-46. A practical 
plasmonic circuit or transformation plasmonics device47-50 demands an ability to control 
the flow of plasmons. Graphene offers a variety of methods for such control. Here we focus 
on several implementations of electronic boundaries (EBs) in graphene as well as in van 
der Waals coupled graphene layers and heterostructures. At these EBs, physical 
discontinuities are absent or play a minor role. Instead, we find evidence of nanoscale 
discontinuities of electronic states, which affect the propagations of electrons and plasmons 
across the boundaries. Even though the formation mechanisms of these EBs vary, their 
electronic and plasmonic responses often share some common aspects. In this review, we 
summarize the electronic and plasmonic responses of these EBs and discuss their 
fundamental physics as well as potential applications.  
 
Visualizing electronic boundaries with scanning plasmon interferometry  
 The main method for investigating EBs discussed here is the so-called scanning 
plasmon interferometry27 implemented through a scattering-type scanning near-field 
optical microscope (s-SNOM). The s-SNOM is based on a tapping-mode atomic force 
microscope (AFM) with a metalized tip. The spatial resolution of the s-SNOM, defined by 
the radius of curvature of the tip apex, is typically in the order of 25 nm. As illustrated in 
Figure 1, the s-SNOM tip is illuminated by a p-polarized IR laser beam (blue solid arrow) 
and thus become strongly polarized along the direction of the tip. The polarized tip induces 
strong electric field underneath the sharp tip apex: the so-called “lightning rod” effect.51 In 
a typical s-SNOM setup the detector collects IR signals back-scattered off the entire tip-
sample system (blue dashed arrow in Figure 1). Due to the tapping of the s-SNOM tip, the 
intrinsic near-field signal due to the tip-sample interaction is modulated at the tapping 
frequency of the tip. Demodulation at the n-harmonics (n > 1) of the tapping frequency 
dramatically suppresses background signals.52 In addition, by implementing a pseudo-
heterodyne interferometer53, the s-SNOM generates both the amplitude and phase 
components of the near-field signal. Here we focus on the 3rd-harmonic demodulated near-
field amplitude (s) to discuss the EBs. 
 In addition to the strong field enhancement, the sharp s-SNOM tip also enables 
coupling to a wide range of in-plane momenta q19, so it becomes feasible to launch surface 
plasmon polaritons in graphene. These plasmonic waves propagate radially away from the 
tip and reflect back when they encounter abrupt changes of sample geometry, such as 
physical edges or sizable defects.23,24 Alternatively, plasmon reflection and/or refraction 
could also occur at the EBs (Figure 1) due to the impedance mismatch of plasmons caused 
by the disparities of plasmon wavelength (p) or damping rate (p) at the boundaries. 
Consequently, there exists two major paths for collecting back-scattered photon signals. In 
path 1, the IR photons are scattered back directly by the tip. In path 2, part of the incident 
photons transfer into plasmons, propagate towards (green solid arrow in Fig. 1) the 
reflectors, reflect back (green dashed arrow in Fig. 1) and then get scattered into IR photons 
by the tip. Photon signals collected by the detector from paths 1 and 2 have a phase delay 
that scales with the distance between the tip and the plasmonic reflector. Therefore, as the 
tip scans towards the reflectors, one expects to interference fringes parallel to the line-
shaped reflectors in raster-scanned near-field images.23,24 The period of the fringes is half 
the plasmon wavelength. By analyzing quantitatively the patterns of these fringes, it is 
feasible to extract the electronic/plasmonic properties of graphene and the EBs.  
Figure 2 displays four types of boundaries and the corresponding scanning plasmon 
interferometry images visualizing these boundaries. The first type of boundaries are 
induced by electrically-charged carbon nanotubes (CNT) (Figure 2a).55 In these devices, 
graphene and metallic CNTs (diameter  1 nm) are separated by an ultra-thin hexagonal 
boron nitride (hBN) layer (thickness  10 nm). Electronic discontinuities were created and 
tuned by gate bias between graphene and CNTs. Note that this type of boundaries are purely 
electronic since there are no topographic or crystalline discontinuities in graphene. The 
second type are graphene grain boundaries56 (Figure 2b), which are atomic-scale line 
defects that connect adjacent single-crystal domains in large-area samples typically grown 
by the chemical vapor deposition (CVD) methods.57 Depending on the relative mis-
orientation angle between the two adjacent domains, grain boundaries could have different 
atomic structures. As an example, in Figure 2b we illustrate a “5-5-8” grain boundary with 
zero mis-orientation angle. The third type are the boundaries between graphene and bilayer 
graphene (BLG) (Figure 2c).58,59 Similar to graphene, BLG also supports IR plasmons but 
with different wavelengths, damping rates and gating responses. Moreover, the stacking 
order of the two graphene layers in BLG can radically modify their plasmonic responses.59 
The impedance mismatch between plasmons in BLG and graphene is responsible for the 
observed plasmon refraction58 and reflection59 of the BLG/graphene boundaries. The 
fourth type of boundaries are between graphene and moiré-patterned graphene (MPG) on 
a hexagonal boron nitride (hBN) substrate (Figure 2d).60 The moiré superlattices appearing 
in the graphene/hBN heterostructures provide periodic modulations of Dirac quasiparticles. 
As a result, a number of Dirac mini-bands emerge in the electronic structure leading to a 
variety of interesting optical and electronic effects.61-66 The plasmonic responses of MPG 
are also strongly modified by these superlattice mini-bands. Therefore, plasmonic 
impedance mismatch exists for the graphene/MPG boundaries. Compared to the EBs 
induced by charged CNTs, the other three types of boundaries do have structural features, 
but the sizes of these features are in the atomic length scale, orders of magnitude smaller 
than the typical plasmon wavelength of graphene in the mid-IR regime (p ~ 200 nm). 
Therefore their plasmonic responses, as discussed in detail below, are predominantly due 
to the electronic properties of these boundaries.  
Representative near-field images visualizing the four types of EBs are displayed in 
Figure 2e-h, where we plot the near-field scattering amplitude s() taken at the IR 
frequency of  ≈ 890 cm-1, corresponding to a photon energy of ~110 meV. Pairs of parallel 
fringes are evident in all four nano-IR images. According to previous studies27,29,67, these 
fringes are generated due to plasmon reflections off nanoscale boundaries located between 
the two fringes. Compared to the graphene edges, the grain boundaries and other EBs 
discussed here are much weaker plasmonic reflectors. Therefore, in most cases, only the 
first dominant plasmonic fringe is apparent at each side of the boundary. From the parallel 
fringes patterns in Figure 2e, one can tell that there are multiple charged CNTs underneath 
graphene. The distribution of grain boundaries can also be visualized in Figure 2f, where 
the average grain size defined by the grain boundaries is a few microns. 
 In the case of BLG/graphene (Figure 2g) and also MPG/graphene (Figure 2h) 
boundaries, clear contrast in the near-field amplitude s on the two sides of the boundaries 
appears. For BLG, the overall s signal is weaker than graphene.59 Note that weaker s is 
typical for AB-stacking (or Bernal-stacking) BLG. For randomly-stacked BLG with no or 
weak interlayer coupling, s is higher than graphene.58,59 The s signal of MPG, on the other 
hand, is higher than graphene at  = 890 cm-1 (Figure 2h). Nevertheless, the contrast 
between MPG and graphene is frequency dependent. At  = 1550 cm-1, one cannot clearly 
distinguish MPG from graphene.60 As discussed in previous works59,60, the overall s signal 
is closely linked to the optical/plasmonic parameters of the interior of samples. In order to 
determine the properties of individual EBs, quantitative analysis and modeling of the 
complete patterns of the parallel plasmonic fringes are needed. 
 
Quantifying plasmonic parameters at electronic boundaries 
The details of the parallel fringes associated with the four types of EBs can be 
viewed more clearly in Figure 3a-d, where line profiles (black curves) taken perpendicular 
to the fringes (along blue dashed lines in Figure 2e-h) are plotted. These line profiles were 
obtained by averaging over tens of separate scans across the EBs to minimize noise. The 
bright parallel fringes in the nano-IR images (Figure 2e-h) appear as two principal peaks 
(marked with the arrows) in Figure 3a-d aside the EBs centered at x = 0. There are also 
possibly weaker subsequent peaks further away from the EBs in the interior of the domains. 
From Figure 3a,b one can see that plasmonic fringes at both CNT-induced EBs and grain 
boundaries have symmetric profiles with respect to the EBs. The two principal peaks have 
roughly equal intensities and widths, so they are referred to as twin fringes.27,55 On the 
contrary, the fringe profiles of the BLG/graphene and MPG/graphene boundaries are 
asymmetric (Figure 3c,d). As discussed below, the asymmetric profiles are mainly due to 
the different plasmon wavelengths and/or damping rates at the two sides of the boundaries.   
In order to model the experimental fringe profiles, we approximated the AFM tip 
as a highly-elongated metallic spheroid (Figure 4).23,27,37,55,68 The radius of curvature at the 
tip apex  (a) is about 25 nm according to the tip manufacturer. The length of the spheroid 
(2L) is set to be 500 nm, which is not a very sensitive parameter in the modeling so long 
as 2L >> a. The near-field signal was calculated by evaluating numerically the z-component 
of the total radiating dipole of the spheroid (pz). For simplicity, we didn’t consider the x-
component of the dipole moment (px) in our calculation, which is a reasonable 
approximation considering px << pz in the case of highly-elongated tip (2L >> a). In order 
to obtain the 3rd harmonic near-field signals, we considered the tip modulation and 
demodulation processes by computing pz at multiple tip-sample separations (ztip). The real-
space profiles of 3rd harmonic amplitude s(x) were obtained by varying the x locations of 
the tip in the calculations.  
The sample was treated as a two-dimensional (2D) metal (Figure 4) and the 
modeling parameters of the sample and the EBs are the x-dependent plasmon wavelength 
[p(x)] and damping rate [p(x)] (Figure 3e-h). We assume uniform sample properties along 
the y direction. According to previous studies23,27,55, p and p are directly linked to the real 
(1) and imaginary (2) parts of optical conductivity of graphene or other 2D metals: p  
(42/)2; p  1/2 + 2/1. Here 1 and 2 are the real and imaginary parts of the 
complex effective dielectric function () of the sample environment. For simple device 
structure, where the sample is sandwiched by air and thick SiO2 layer,  equals to the 
average of permittivity of air and SiO2. For complicated device structures,  has to be 
evaluated numerically. Within the Drude approximation, p is roughly proportional to the 
Fermi energy (EF) of graphene or graphene layers. The plasmon damping rate p could be 
due to charge scatterings, inter-band transitions or bound electron states (see discussions 
below). Therefore the optical/electronic properties of the EBs can be directly read out from 
the two plasmonic parameters. 
In Figure 3a-d we plot two sets of modeling profiles (labeled as A & B) together 
with the experimental profiles (black curves). The A profiles (red curves) are our best fits 
for the data. The B profiles (blue curves) illustrate the effect of changing some of the 
adjustable parameters in the fits: a procedure that helps to decipher the physical origin of 
the observed fringe patterns as we will detail below. From Figure 3e-h, one can see that 
modeling A (red) and modeling B (blue) share the same p parameters. Their differences 
are due to the unequal p parameters close to the EBs (x = 0). Away from the boundaries 
(|x| >> 0), p of graphene is close to 200 nm, a typical value for highly-doped samples at 
ambient conditions. The p of Bernal-stacking BLG (Figure 3g) is slightly smaller than that 
of monolayer graphene: a consequence of interlayer electron tunneling.59 Moiré-patterned 
graphene has a slightly larger p but a much higher p compared to graphene in the same 
specimen. Such a high damping originates from interband transitions associated with the 
moiré superlattice mini-bands.60 The extracted plasmonic parameters close to the EBs (x  
0) are more complicated. For example, p peaks appear at EBs (x = 0) for CNT-gated 
graphene, grain boundaries, and also MPG/graphene samples indicating charge 
accumulations at these EBs. Additional doping is expected for CNT-induced EBs due to 
the electrostatic gating. As for grain boundaries and MPG/graphene boundaries, the doping 
might be related to impurities or defects at both boundaries. The p profiles of modeling A 
that produces the best fits of the data also show peak features at all four types of EBs. As 
a comparison, modeling B without p peaks at x = 0 cannot fit well the experimental profiles. 
The origin of the enhanced p at the charged-CNT induced EBs is attributed to the electron 
states bound to the 1D potential well created by the CNT.55 Physical mechanisms behind 
the sharp damping peaks of other three types of EBs are not fully understood yet. Possible 
origins include high densities of defects and/or impurities close to the boundaries as well 
as electron bound states.   
 
Conclusions and outlook.   
The nano-plasmonic studies discussed here provide us opportunities to investigate 
the intriguing physics of EBs. For example, the CNT-induced EBs are model systems for 
exploring in a controlled way the properties of 1D bound electron states. In addition, at 
higher frequencies, one would expect to see hybridization effects between Dirac plasmons 
in graphene and Luttinger-liquid plasmons in CNT.69 Grain boundaries harbor rich physics 
related to their electronic/plasmonic properties. Depending on their atomic structures, grain 
boundaries could support valley-polarized charge transport70, correlated magnetic states71, 
low-energy van Hove singularities that are signatures of 1D localized states72, and 1D 
charge ordering73. Future nano-IR studies of grain boundaries at cryogenic and vacuum 
conditions could possibly uncover these interesting physics. Recently, the photocurrent 
nanoscopy, which is developed by combing s-SNOM with electrical read-out, was used to 
study graphene grain boundaries and their impact on charge inhomogeneities and local 
thermoelectric properties.74 The same technique has also been adopted to image graphene 
plasmons and map their dispersion relation in the terahertz frequency region.35  
The EBs discussed above are only a representative subset of potentially a much 
larger group. There are indeed many other types of EBs that show intriguing electronic and 
plasmonic responses. For example, soliton domain walls between AB- and BA-stacked 
BLG were proven to be EBs that support protected chiral edge states of quantum valley 
Hall insulators.75 Plasmonic fringes have also been observed close to these soliton domain 
walls and the fringe patterns are clearly different at the tensile- and shear-type of solitons.76 
Future studies are needed to explore the electronic origin of the unique plasmonic responses 
of these soliton domain walls. Another type of EBs are the junctions created by split gates 
above or below graphene.35,77-79 These split gates allow independent control of graphene 
carrier densities on the two sides of the junctions. Therefore, one could conveniently 
achieve graphene p-n junctions by using split-gate device geometry. Graphene p-n 
junctions have attracted a lot of research interests due to their unique electronic properties 
including precise electron focusing and Klein tunneling.77-79 They are also promising for 
applications related to graphene plasmons35 and transformation optics47.  
 The plasmonic phenomena at the EBs in graphene promise a number of 
applications. For instance, tunable plasmon reflection of EBs induced by charged CNTs55 
offers the possibility of realizing the smallest possible plasmonic transistor with a channel 
length (boundary width) of a few nanometers. The MPG/graphene boundaries60, which is 
a typical example of plasmonic reflectors produced by layer stacking, are potential 
“plasmonic filters”: low-energy plasmons will be reflected whereas high-energy plasmons 
will propagate freely through the boundaries. Moreover, the plasmonic reflectivity of the 
MPG/graphene boundaries are conveniently tunable by a single continuous back gate. The 
BLG/graphene boundaries, due to the observed plasmon refraction and reflection 
effects58,59, could be used as two-dimensional “optical” elements enabling manipulation of 
the propagation direction of graphene plasmons on a chip. We conclude that control of 
plasmonic reflections and plasmonic flow discussed here is not unique to graphene. Similar 
effects are likely to be observed in other two-dimensional materials including transition-
metal dichalcogenides and black phosphorous. Intriguing electronic boundary effects in 
plasmonic transport are also anticipated in anisotropic 2D materials.80 
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Figure captions 
 
Figure 1. Illustration of the experimental study of an electronic boundary (EB) in graphene 
by scanning plasmon interferometry. The EB is created by adding gate bias between a 
metallic CNT (orange line) and graphene. The blue arrows illustrate the incident and back-
scattered IR photons. The green arrows illustrate the tip-launched and EB-reflected 
graphene plasmons. Adapted from Ref. 55. 
 
Figure 2. (a-d) Illustration of four types of EBs in graphene: charged-CNT induced EBs, 
grain boundaries, boundaries between BLG and graphene, and boundaries between MPG 
and graphene. Here ‘G’ represents graphene and ‘GB’ represents grain boundary. (e-h) 
Representative nano-IR images of the four types of EBs in (a-d) respectively. Here the 
substrate right beneath graphene is SiO2 for (f,g) and hexagonal boron nitride for (e,h).  All 
images were taken at ambient conditions. The excitation IR frequency is set to be about 
= 890 cm-1, corresponding to a photon energy of ~110 meV. Blue dashed lines in (e-h) 
mark the locations where we extract the line profiles plotted in Figure 3. Scale bars in (e-
h) represent 300 nm.  
 
Figure 3. (a-d) Experimental (black curves) and modeling profiles (A and B) of near-field 
amplitude s across the parallel fringes due to the four types of EBs. The experimental 
profiles were extracted directly from data images in Figure 2e-h along the blue dashed lines. 
The peaks (marked with arrows) in the profiles correspond to the principal fringes in Figure 
2. (e-h) The parameters of plasmon wavelength (p) and damping rate (p) used to calculate 
the fringe profiles. Modeling A and B share the same p but different p. There are 
additional sharp peak features at x = 0 in the p profiles for modeling A (pA) compared to 
B (pB).  
 
Figure 4. Sketch of the spheroid model that we used to model the nano-IR plasmonic 
responses of the electronic boundaries in graphene.  
 
 



